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Introduction
Accurate K-shell photoabsorption cross sections are necessary for modeling astrophysical plasmas, interpreting the observed spectra from distant cosmic emitters, and determining the elemental abundances of the interstellar medium (ISM). Spectra of K-shell processes can be observed from all ionic stages of the most abundant elements between oxygen and nickel (Paerels & Kahn 2003) . In previous studies, we have carried out K-shell photoabsorption calculations, and applied these data to X-ray spectral diagnostic studies, for all ionization stages of carbon (Hasoglu et al. 2010) , oxygen (Gorczyca & McLaughlin 2000; Garcia et al. 2005; Juett et al. 2004) , and neon (Gorczyca 2000; Juett et al. 2006) , i.e., for Z = 6, 8, and 10, respectively. Here we continue those studies for all magnesium ions (Z = 12), which, although lower in abundance, nevertheless can be seen in X-ray absorption spectra (see Schulz et al. 2010; Pinto et al. 2010 , for example).
For Z = 12, a further complication is introduced into the computations for the two lowest ionization stages (Mg I and Mg II), where the n = 3 M-shell becomes occupied: the atomic radius now doubles in size, and the usual multichannel quantum defect theory (MQDT) optical potential treatment (Gorczyca & Robicheaux 1999) becomes problematic for the lowest 1s → np resonances. Nevertheless, we have come up with an approximate procedure for treating these cases as well, and we thus present reliable X-ray photoabsorption cross sections for all relevant magnesium ions (Mg I-Mg X).
Theoretical Methodology
K-shell photoabsorption consists of the direct photoionization of the 1s electron, which is treated in a straightforward manner using R-matrix methods, and the strong 1s → np photoabsorption resonances. Photoexcitation of these resonance states is then followed by two competing decay routes. The first is participator Auger decay, in which the valence electron np participates in the autoionization process, with a decay rate that scales as 1/n 3 and goes to zero near the K-shell threshold. These channels are included in the R-matrix calculations. The second route is spectator Auger decay, in which the valence electron np does not participate in the autoionization process, giving instead a decay width that is independent of n. Therefore, it is the dominant decay route as n → ∞ and guarantees a smooth cross section as the K-shell threshold is approached; above each threshold, K-shell photoionization to the 1s2ℓ q states occurs instead.
We use the R-matrix method (Berrington et al. 1995; Burke 2011) , with modifications to account for the spectator Auger broadening via an optical potential approach as described by Gorczyca & Robicheaux (1999) . This enhanced R-matrix method is shown to be successful in describing experimental synchrotron measurements for argon (Gorczyca & Robicheaux 1999) , oxygen (Gorczyca & McLaughlin 2000) , neon (Gorczyca 2000) , and carbon (Hasoglu et al. 2010) . The Auger widths for the 1s2ℓ q states are computed by applying the Smith time-delay method (Smith 1960) to the photoabsorption R-matrix calculation of the neighboring 1s 2 2ℓ q−1 magnesium ion. Further details can be found in our previous works (Gorczyca & Robicheaux 1999; Gorczyca & McLaughlin 2000; Gorczyca 2000; Hasoglu et al. 2010) .
Cross Section Results
As an assessment of the present atomic description, the computed target state energies and binding energies are presented in Tables 1-10, which show fairly good agreement with the recommended NIST values. The computed core Auger widths, which are used within the MQDT optical potential approach for treating spectator Auger broadening of resonances, are presented in Tables 11-19. Comparison with other available data shows fairly good agreement in most cases, indicating again that the present atomic description is sufficient. It is to be noted that the spectator Auger width used in our calculations only changes the shape of the resonance absorption profile, not the strength.
In Figs. 2-10, we present our K-shell photoabsorption cross sections. Also shown in all the figures are the independent-particle (IP) photoionization results (Verner et al. 1993) ,
and it is seen that the present R-matrix results are in good quantitative agreement with the IP results above the K-shell thresholds, but the IP cross sections lack the important resonance absorption lines below threshold.
In Fig. 1 (Banna et al. 1982) . Furthermore, since our above-threshold cross section is seen to align with the IP results, we have confidence in the below-threshold resonance oscillator strength, which should merge to the above-threshold oscillator strength density by continuity within the R-matrix calculations.
Also shown in Fig. 1 are the solid-state experimental results of Henke et al. (1993) . It is interesting to note that the present R-matrix results, for neutral Mg I, align more closely with the experimental results than with IP results, which do not include relaxation effects (but shift the threshold downward to align with experiment).
Of particular note regarding these R-matrix calculations for Mg I, it was not possible to apply the usual MQDT optical potential method (Gorczyca & Robicheaux 1999) for the spectator Auger broadening. This was because, due to the larger atomic radius, i.e., the R-matrix "box" (Berrington et al. 1995; Burke 2011 ), the energy dependence of the MQDT parameters at the lowest resonances invalidated the simple E → E + iΓ/2 substitution (Gorczyca & Robicheaux 1999) . Instead, a more rigorous approach, which is beyond the scope of this paper, is necessary for the proper modeling of the Auger width (as noted before, the strength is not affected by the particular width used). In order to present reliable cross sections nevertheless, we use a spectator width which is small enough that the energy-dependent MQDT parameters can still be treated as constant over the width of a resonance, but large enough that the Rydberg series of resonances can be mapped out with a finite number of R-matrix energy points. These cross sections are then further convoluted with a Lorentzian profile of width 0.0254 eV (see Table 11 ) to simulate the known Auger broadening.
We turn now to ionized species of magnesium. The only other 1s → np resonance cross sections we are aware of are those of Witthoeft et al. (2009) and Witthoeft et al. (2011) , which were computed using a similar R-matrix method. However, important orbital relaxation effects were not included in those earlier R-matrix calculations. Relaxation is due to the sudden change in potential "seen" by the outer-most electrons following excitation or ionization of an inner-shell electron (the 1s electron, in this case), and the relative change in potential is greatest at the lowest ionization stages. Hence, the Mg II ion is expected to be the most affected by relaxation effects. Indeed, the K-shell threshold is seen to be overestimated by approximately 10 eV. This overestimate, due to the absence of relaxation effects, is seen to diminish, as the ionic charge increases, to the order of 2 eV, which would seem to indicate some lack of correlation, perhaps the strong 2p 2 → 3d 2 double promotions that require optimized 3d pseudoorbitals as well.
Summary and Conclusion
In order to provide reliable X-ray absorption data near the magnesium K-edge, we have computed photoabsorption cross sections for Mg I-Mg X. We use an R-matrix method with the inclusion of spectator Auger decay, and treat both the 1s → np resonance absorption -7 -for all n → ∞ and the above-threshold 1s → ǫp. We find good agreement with the IP data (Verner et al. 1993) for the above-threshold cross section.
Below threshold, the only other existing cross sections available for comparison purposes are the earlier R-matrix results of Witthoeft et al. (2009); Witthoeft et al. (2011) for the 1s → np photoionization in Mg II-Mg X ions. In general, we find that our present results are in good qualitative agreement with the earlier R-matrix results regarding the resonance shapes. However, here we have included the important orbital relaxation effects, thereby obtaining reliable K-edge threshold positions, in much better agreement with experiment for Mg I.
Most importantly, we have provided a comprehensive set of magnesium photoabsorption data for the entire photon energy region including all 1s → np resonances. These are broadened due to spectator Auger decay, and they merge smoothly onto the 1s → ǫp above-threshold continuum. Thus the K-edge photoabsorption features are modeled correctly. These computed data are particularly important for interpreting observed X-ray spectra and determining ISM abundances.
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100.8812 
100.2157 100.310 Table 11 : Present Auger widths (in eV) for the 3 Mg II autoionizing target states above the Kshell threshold (see Table 1 ). Also shown are the level-averaged HFR1 results (Palmeri et al. 2008 Table 2 ). Also shown are the level-averaged HFR1 results (Palmeri et al. 2008 Table 5 ). Also shown are level-averaged HFR1 widths (Palmeri et al. 2008 ) and AUTOSTRUCTURE results Table 4 ). Also shown is the level-averaged results (Palmeri et al. 2008 Table 5 ). Also shown are the level-averaged HFR1 results (Palmeri et al. 2008 Table 6 ). Also shown are level-averaged HFR1 (Palmeri et al. 2008 ), level-averaged MCBP (Hasoglu et al. 2008) , and level-averaged MCDF (Hasoglu et al. 2008) widths. Table 8 ). Also shown are level-averaged HFR1 (Palmeri et al. 2008 ), level-averaged MCDF (Chen 1985) and level-averaged MBCP widths. Table 19 : Present Auger widths (in eV) for the Mg X autoionizing target states above the K-shell threshold (see Table 5 ). Also shown are level-averaged HFR1 (Palmeri et al. 2008 ), level-averaged MCDF (Chen 1986) , and level-averaged MBCP 
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